This paper presents a new transformer based multilevel inverter, with a novel pulse width modulation scheme to achieve seven-level inverter output voltage. The proposed inverter switching pattern consists of three fundamental frequency sinusoidal reference signals with an offset value, and one high frequency triangular carrier signal. This switching scheme has been implemented using an 8-bit Xilinx SPARTAN-3E field programmable gate array based controller. In addition, the state space model of the proposed inverter is developed. The significant features of the proposed topology are: reduction of the power switch count and the gate drive power supply unit, the provision of a galvanic isolation between load and sources by a centre tap transformer. An exhaustive comparison has been made of the existing multilevel inverter topologies and the proposed topology. The performances of the proposed topology with resistive, resistive-inductive loads are simulated in a MATLAB environment and validated experimentally on a laboratory prototype.
Introduction
Recently, multilevel inverters have been receiving increasing attention, because of their many features: it has R. G. Raj et al.
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higher voltage operating capability, reduced rate of change of voltage (dv/dt), lower common mode voltages, reduced harmonic content, near sinusoidal voltage and current, smaller output filter. Multilevel inverters are considered as one of the industrial solutions for high dynamic performance and power quality demanding applications [1] [2] . The basic configurations of multilevel inverters are a Diode Clamped Multilevel Inverter (DCMLI), a Flying Capacitor Multilevel Inverter (FCMLI) and a Cascaded H-Bridge Multilevel Inverter (CHB-MLI). The above said topologies use a different mechanism for providing the stepped output voltage. The Diode clamped MLI, which suffers from voltage unbalancing problem in series connected capacitors, requires more number of clamping diodes and also creates the problem of circuit intricacy. The flying Capacitor multilevel inverter requires more number of large size capacitors, thereby making it bigger in size and costlier, and moreover, the regulation of voltage in each capacitor is complicated with a single input DC source. The Cascaded H-bridge inverter is more popular because of its modularity and controllability. If there is a fault in any one H-Bridge cell, the other unit can be operated without affecting the entire system. However, the main drawback of CHBMLI is that, it requires more number of isolated DC voltage sources for each module and requires more number of switches when the number of output voltage level increases [3] - [5] . In recent years, to overcome the aforementioned problems, several topologies have been presented [6] - [15] . These topologies have utilized less power electronic switches and gate driver circuits, however the number of switches still can be reduced. Recently, to increase the number of voltage levels, multilevel inverters with coupled inductors or transformer have been proposed [16] - [19] .
In [16] , a cascaded transformer type multilevel inverter topology has been presented. It uses a single isolated dc voltage source, eight power switches and two cascaded single phase transformer for producing nine level ac output voltages. The major disadvantage of the topology is that, it requires more number of switches, can generate only 3 n level of output voltage and the turns ratio of the secondary winding of the transformer plays a role to generate n-level of the output voltage, consequently making the system bulky in size and expensive. A single source cascaded transformers reduced switch multilevel inverter (CTRSI) has been presented in [17] . It utilized eight power switches, three transformers with a single isolated dc voltage source, for making seven-level output voltage. This topology can not only generate 3 n level of output voltage, but can generate any level of output voltage. But the major drawbacks of this topology are the requirement of more number of power switches and transformers on the output side, which will increase the volume of the system and cost. A transformer based symmetrical and asymmetrical cascaded multilevel inverter has been proposed in [18] . They utilize four bidirectional power switches, four unidirectional power switches and four transformers with a single input dc voltage source, for obtaining seven-level output voltage. The drawbacks of this topology are the requirement of bidirectional power switches and more number of transformers on the output side, which make the system realization and practical implementation difficult. The transformer-based single phase seven-level inverter topology is proposed in [19] , uses a single DC voltage source with six power switches to generate seven-level voltage. In this topology, both primary and secondary winding is directly connected to the input dc voltage source through power switches. The problem of this topology is, there is no galvanic isolation between input dc voltage source and ac load, which affects the reliability of the system. From the above discussion, it is concluded that, the main disadvantages of MLI are excessive number of power switches, more gate driver circuits resulting in increased cost, and complex control circuits, which limit their applications. Therefore, reducing the number of power switching devices is the main intent of the proposed work.
The present work focuses on transformer based new multilevel inverter topology, which is composed of three isolated DC voltage sources, five power switches and one single phase centre tap transformer to generate sevenlevel output voltage. The inverter structure uses a novel pulse width modulation (PWM) switching pattern to produce controlled output voltage. The proposed topology has salient inherent features such as a galvanic isolation between an input dc source and output load, which enhance the reliability of the inverter. This topology can be recommended for power conditioning devices and renewable energy power generation systems. A computer aided simulation and experimental results are used to justify the proposed topology and to show the validity of the presented inverter structure for real time applications. This paper is organized as follows: Section 2 presents the structure and details of the mode of operation of the proposed inverter, with mathematical formulations. Section 3 describes the novel switching scheme for the proposed inverter. Section 4 presents the state space model of the proposed topology. Section 5 discusses the simulation and experimental results of the proposed inverter. Section 6 presents the comparison of the proposed topology with the classical and recent topologies. Finally, Section 7 concludes the paper based on the simulation and experimental results.
Proposed Inverter Topology
The proposed single-phase seven-level inverter comprises three equal value of dc sources, five unidirectional power switches, and a centre tap transformer as shown in Figure 1 .
For symmetrical mode of operation
The proposed inverter can produce seven output voltage levels of V dc , 2V dc , 3V dc , 0, −V dc , −2V dc , −3V dc from the constant input dc voltage sources. The switches S 1 , S 2 and S 3 determine the level of the output voltage, and the switches S 4 and S 5 decide the polarity of the output voltage. The number of output voltage levels (N STEP ), the required number of IGBTs (N IGBT ), for the proposed topology is computed from the following equations. 2 1
where, N s is the number of sources. Here, the number of sources decides the output voltage level. Figure 2 indicates the typical seven-level inverter output voltage waveform for understanding the operation of the proposed inverter. The switching state of the proposed inverter is such that at any instant of time, two power switches are in the conducting state and the other devices are in the non-conducting state. The switches S 4 and S 5 are operating in the fundamental frequency, and the other switches are operating at 1 kHz. This indicates that the proposed inverter has a reduction in conduction and switching losses, which results in an increase in the efficiency of the proposed inverter. To understand the operation of the proposed inverter, the following modes are explained using seven switching states, as shown in Figures 3(a)-(g) . Here, the red line represents the conduction path of the current flow. The required seven levels of output voltage are generated as follows.
(g) Figure 3 . Switching combination required to generate seven-level output voltage (a)
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• Mode 1: Output Voltage of ( )
Figure 3(a) shows the switching state resulting in an output voltage of ( )
. When switches S 3 and S 4 are kept ON, three sources (V dc1 , V dc2 and V dc3 ) are connected in series, and supply energy to the load. The load current flows from the terminal a to b and the voltage across the load terminals are +3V dc .
• Mode 2: Output Voltage of ( ) • Mode 7: Output Voltage of ( )
Figure 3(g) indicates the switching state generating an output voltage of ( )
. When switches S 3 and S 5 are kept ON, three source of ( )
are connected in series and supply energy to the load. The load current flows from terminal b to a and the voltage across the load terminals are −3V dc .
Mathematical Formulation
The mathematical formulation for the proposed inverter is as follows: Let B j be a switching function corresponding to switch S j (j = 1 to n) defined as [7] ,
The inverter output voltage
where ( )
1 3
The following equations give the instantaneous inverter output voltage and current of the proposed inverter,
Novel Switching Scheme for the Proposed Inverter
The proposed switching scheme utilizes fundamental frequency (50 Hz) of three unidirectional sinusoidal waves as reference signal with offset voltage, and one triangular carrier signal of 1 kHz. The reference signals have the same amplitude and frequency and are in phase with an offset value that is equivalent to the amplitude of the carrier signal. By comparing each reference signal with a carrier signal, a control signal is produced for switching a device in the proposed MLI. Figure 4 depicts the novel modulation scheme for the proposed inverter. The switching pattern proposed in [15] , requires more number of logic gates because, the pulse pattern of the positive cycle and negative cycle is different, so it will create complexity in the control circuit. However, the proposed topology uses a symmetrical pulse pattern for both positive and negative cycle in each controlled switch. The switching signal S 4 is derived by comparing reference signal (V ref1 ) with zero and S 5 is obtained from inverting signal of S 4 . The pulse pattern for S 1 is arrived by comparing V ref1 , V ref2 with V carrier and the pulse pattern for S 2 is derived by comparing V ref2 , V ref3 with V carrier . Similarly, the pulse pattern for S 3 is arrived by comparing V ref3 with V carrier . Here, it is seen that, the level modulated switches S 1 , S 2 , S 3 operate at switching frequency of 1 KHz (carrier frequency) and polarity modulated switches S 4 and S 5 operate at fundamental frequency (reference frequency) of 50Hz. The switching interval for the seven-level inverter is represented by seven modes as follows:
Mode 1:
( ) , ;
( )
According to the amplitude of the reference signal, the operational interval of each mode varies within a definite period. The angles 1 θ to 12 θ vary with the amplitude modulation index. Table 1 gives the information 
The Equation (9) gives the information about the level of the inverter based on the value of the modulation index (M a ).
State Space Model of the Proposed Multilevel Inverter
A state space model of a system consists of state equation and output equation. The state equation of a system is a function of state variables and inputs as defined by Equation (10) . The state equation is a set of variables which describes the system at any instant of time. The output equation of the system is a function of state variables and outputs defined by Equation (11) . The state space representation provides a convenient way to model and analyze the many input many output (MIMO) systems. The state model of the system defined as [20] [21] ( ) ( 
The output voltage of the inverter circuit is the secondary voltage across the load. To facilitate the analysis of the circuit, the secondary impedance and the load impedance are referred to the primary winding as shown in ( ) Figure 5 . Proposed inverter with physical transformer referred to primary.
where, 
The state variable of the circuit are the source current i s , the magnetizing current i m and the output current i o . Equations (12), (13), (14) are rewritten as,
Substitute Equation (20) into Equations (19) and (21) ( ) ( )
From Equations (20), (22) and (23) 
Equation (24) 
where o V is output voltage of the inverter, dc V is input voltage of the inverter and ( ) u t is control signal Equation (25) gives the output equation of the proposed seven-level inverter. State space model of the system is useful for designing the feedback, controller and observer of the control system.
Investigation of the Simulation and Experimental Results
The simulation and experimental hardware results are presented to verify the validation of the proposed transformer based multilevel inverter. A computer-aided simulation has been carried out to validate the performance of proposed seven-level inverter with R and R-L Load using MATLAB/Simulink environment. Figure 6 shows the simulink model of the proposed 7-level inverter. The simulink model consists of IGBTs, and centre tap transformer with R-L load. The switching signal for the inverter is generated by comparing the single triangular signal with three unidirectional offset sinusoidal signals, which is presented in control signal generation block. In this study, the proposed inverter produces a maximum voltage of 60 V, 50-Hz output waveform from three equal DC input voltage of 20 V. Here, both R and R-L loads with the values of 150 Ω and 240 mH are considered for simulation and experimental investigation.
To validate the proposed topology, a prototype of the single phase seven-level inverter is developed in the laboratory. The photograph of the setup is shown in Figure 7 . The IGBTs utilized in the prototype is H15R1203 with internal anti parallel diodes. The PWM controller scheme is implemented through Xilinx Spartan-3E XC3S100E FPGA. The gating signal from the controller is fed to the IGBTs through isolated gate driver (IC- TLP250) circuits. The generation of PWM waveform for the proposed inverter through Xilinx is shown in Figure 8 . The switching signals generated by the FPGA controller is used for trigger the IGBTs of the proposed multilevel inverter. Figure 9 and Figure 10 illustrate the simulated and experimental gating signal for the proposed multilevel inverter. From these figures it can be observed that the level modulated switches (S 1 , S 2 , S 3 ) are operated at a high frequency and polarity changed switches (S 4 , S 5 ) are operated at a fundamental frequency. Figure 11 and Figure 12 show the simulation and experimental results of the voltage stress across each switching devices. It can be concluded that, the voltage across each switch varies depending on the position of the switches. The PIV value will decide the voltage blocking capability of switch utilized in the inverter circuits. The simulated and experimental output voltage and current waveform for R and R-L load obtained at the inverter terminal is shown in Figure 13 , Figure 14 and Figure 15, Figure 16 respectively. The load voltage and current waveforms obtained experimentally in accord with respective simulation results. Hence, this topology along with the proposed control algorithm can be a good choice for inverter circuits. The experimental results are used to justify the simulation results and theoretical analysis of the proposed multilevel inverter. Figure 17 shows the simulated voltage harmonic spectrum of the proposed inverter with R-L load. The total harmonic distortion of the sevenlevel PWM output voltage is 18.27%. Figure 18 shows the experimental harmonic content of the proposed inverter with R-L load. From experimental, the total harmonic distortion of the seven-level PWM output voltage is 20.17%.
Comparative Study
To make clear the understanding of the evolution of the transformer based multilevel inverter structures are presented in Figure 19 . The main motivation of this work is development of transformer based multilevel inverter with reduced number of components. As shown in Figure 20(a) , the proposed topology requires fewer numbers of power switches than other topologies. For example, for a seven-level inverter, the presented inverter utilizes 5 power switches. However, other structures utilized more number of power switches than proposed topology. Figure 20(b) shows the comparison of the gate drivers with other structures. For example, for a seven-level inverter, the presented inverter utilizes 5 gate drivers. However, in the cascaded H-bridge multilevel inverter 12 gate drivers are required. Reduction of the gate drivers reduces the overall implementation cost, circuit complexity and increases the system reliability.
Another decisive factor to assess the performance of the multilevel inverters is the number of on-state switches. Figure 20(c) depicts the comparison of the numbers of on-state switches with proposed topology and topology presented in [17] - [19] , CHBMLI. In proposed topology, to attain any level of output voltage only 2 power switches are ON condition so that conduction loss is less which increases its efficiency. Whereas the other topologies use more number of on-state switches to attain same level of output voltage. Moreover, the proposed topology requires only one centre tap transformer to attain any level of output voltage as compared to other topologies which is shown in Figure 20(d) . The summarized characteristics of the proposed inverter and the structure presented in [17] - [19] , CHBMLI for m-level are given in Table 2 . Moreover, to elucidate the comparison, the number of components required for seven-level output voltage is given in Table 3 . It is concluded that, the component comparison of the proposed topology and the other recent topologies, indicates the superiority of the proposed inverter.
Conclusion
In this paper, a prototype model of transformer based seven-level inverter has been implemented with a novel PWM switching technique using FPGA controller. The state space model of the proposed inverter has been developed. The proposed multilevel inverter utilizes five power switches and one centre tap transformer to generate seven-level output voltage. The working nature of the proposed topology, mathematical formulation and a novel PWM technique have been analyzed in detail. This work has been compared with the classical and recent MLIs. Based on the comparative study, it is confirmed that the proposed MLI utilized the minimum number of switching devices with gate drive circuits, and the on-state switches through the current path are also reduced. In [18] ; (e) Proposed Topology in [19] . order to validate the operation and performance of the proposed inverter, the MATLAB simulation and the experimental prototype model are developed and tested with unity and a lagging power factor loads.
